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Abstract
Plasma rings are formed after creating a plasma by ionising
helium with a focused laser beam. In order to reionise this ring for
further experiments, a second laser beam was focused in the
plasma ring. Beyond expectation no plasma was created. This
suppression of the second plasma is caused by a shock wave
created by the first plasma. Behind this shock wave the density is
much lower than outside the shock wave. Since plasma creation
depends on the local density, we find the shock wave suppresses
the creation of the second plasma.
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Chapter1
Introduction
Plasma is a very common state of matter, more than 99% of the matter in
our visible universe is in the plasma state [1]. This makes it an interesting
phenomenon to study in astrophysics. Nuclear fusion is also a subject
where plasma plays an important role. So plasma physics is an interesting
area in physics with many applications. In this project the main focus will
be on the study of plasma creation in a helium gas.
The reason this project started is the observation by [2] that linked
magnetic structures should bare stability properties. To test this experi-
mentally it is necessary to create linked plasma rings in which thereafter a
current should be induced. Having this, the aim is to create a stable config-
uration that makes it possible to pump more energy in this configuration.
This might provide an alternative route to make nuclear fusion possible.
At first, we need to know more about the physics in single plasma rings
to be able to create linked plasma rings. So this project started with the
aim to learn more about single plasma rings. This rings are created by a
laser beam focused in free space of helium and have a typical diameter
of a few millimetres. The helium atoms in a thus created plasma ring are
metastable, so reionisation of the plasma ring should be easy. A second
unfocused laser beam was used to try to reionise the plasma ring to later
on be able to induce a current in it. However, it turned out to be impossible
to reionise the plasma ring.
Even, after focusing the second laser beam to significantly increase the
intensity of the beam it still was not possible to reionise the plasma ring.
This was quite strange since the focused laser beam has enough energy
to create a plasma. However, after creating a plasma with the first laser
beam, the second laser beam was not able to create a plasma in the region
where the first plasma was created.
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So from this observation the question addressed in this thesis arose:
Why is the second laser beam not able to create a plasma after creation
of the first plasma? The main goal of this experiment is to address this
question.
2
Version of June 30, 2017– Created June 30, 2017 - 10:31
Chapter2
Proposed study
In previous and current experiments on this topic the question why the
second laser is not able to reionise the plasma ring is still unanswered.
Thus it is important to find out the answer to this question which also
brings us a better understanding of the physics behind laser induced plasma.
The main aim of this project is to find out why it is not possible to reionise
a plasma ring with a second laser pulse.
2.1 Background
Plasma consists of ionised particles and free electrons where the net charge
is usually zero. Due to the presence of charged particles a plasma is elec-
trically conductive making its collective behaviour qualitatively different
from a neutral gas. To describe this conductive behaviour, fluid dynamics
and Maxwell’s equations are needed.
In our experiment a laser pulse locally ionises the helium gas and the
gas becomes a plasma. One photon does not have enough energy to ionise
a helium atom. The two major processes involved in the ionisation of
the helium atoms are multi-photon ionisation and cascade ionisation. In
multi-photon ionisation multiple photons combine their energy to ionise
the helium atom. In this process the ionisation of helium is achieved by
transitions between virtual states until the ionisation energy is reached.
Cascade ionisation is a process in which a free moving electron gains en-
ergy from the laser pulse via inverse Bremsstrahlung absorption. The elec-
tron accelerates until it collides with a bounded electron which will be re-
leased from its atom if the incoming electron energy is high enough. This
process will repeat itself and the number of free electrons will increase ex-
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ponentially. Cascade ionisation is much more prominent than the multi-
photon process. However, the multi-photon process could also be very
important since it releases a free electron which is needed as seed for the
cascade ionisation process.
After the laser created a plasma, the plasma has a peanut shape with
unequal sized lobes parallel to the laser beam. The two lobes contract to
form a sphere. Thereafter the sphere increases in size, finally evolving
into a ring normal to the direction of the beam. This evolution is shown in
figure 2.1. The lifetime of this plasma ring is of the order of 30 µs.
(a) 40 ns, side
view
(b) 1,39 µs,
side view
(c) 6,39 µs,
side view
(d) 15 µs, side
view
(e) 15 µs, front
view
Figure 2.1: Five images of the plasma evolution in time [3]. At every image the
time after plasma creation and aspect is given beneath the image.
(a) (b)
Figure 2.2: An image of the second plasma without creation of the first plasma
(2.2a) and an image of the second plasma created 600 ns after the creation of the
first plasma (2.2b).
The plasma ring consists of helium in a metastable excited state. Since
the helium is now in a significantly higher energy level (ground state −24
4
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eV vs. metastable state−4 eV) it is expected that it will be easier to reionise
the helium. A second laser should be able to reionise the plasma ring
thereby making it conductive which furthermore makes it possible to in-
duce a current in the plasma ring. However, experiments in previous ex-
periments did not succeed in reionising the plasma ring. The main goal of
the project is to investigate why reionisation or plasma creation does not
occur.
To illustrate our main question, in figure 2.2 an image of a plasma cre-
ated with the second laser in shown. In this image there is a clear edge
above which ionisation does not occur. Note that all images of the second
plasma shown in this thesis are taken far ahead of the plasma ring forma-
tion. Figure 2.1 gives a good indication at which moments in the evolution
of the second plasma the images are taken.
2.2 Experimental setup
The idea behind the project is to create a plasma with the first laser and
then focusing the second laser in several locations of the previously cre-
ated plasma ring to investigate the influence of the first plasma on the
creation of a second plasma. It is possible to adjust the timing of the two
lasers separately from each other. This makes it possible to investigate the
influence of the first plasma at different moments in time of the evolution
of the second plasma.
In figure 2.3 the setup of this project is schematically shown. The two
laser beams are sent through an optical setup where the polarisation of
the beams can be adjusted to combine the laser beams. Then the beam will
be send into the chamber filled with atmospheric helium. In the chamber
there is for both of the lasers a lens that focuses the beam in the focal point
of the lens. The alignment of the setup is done in such a way that the focal
points of the two lenses coincide with each other. In this project the plasma
is induced by a pulsed Nd:YAG laser with a wavelength of 1064 nm and a
pulse energy up to 1 Joule per pulse.
The alignment of the focal points of the lasers is done manually. To
be able to scan through the first plasma it is very important to build a
mechanical construction that can be adjusted electronically from outside
the plasma chamber. This electronic adjustment is realised with a piezo
motor behind a mirror. A pulsed piezo voltage causes a movement of the
mirror. Thereby the direction of the laser is changed making it possible to
scan through the plasma. With this translation stage system it is possible
to align the second laser much more accurately.
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Figure 2.3: The setup for this project where two laser beams are focused in a
chamber filled with helium. The lenses that are used to focus the laser beams,
have a focal distance of 100 mm.
6
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Mapping a laser induced plasma
In order to gather more information about the regions where the creation
of the second plasma does not occur, the second plasma is created at dif-
ferent places and at different moments in time with respect to the first
plasma.
3.1 Plasma suppression through space
To gain insight into the region where the second plasma is suppressed,
the second plasma is created at different places 1 µs after the creation of
the first plasma. To create the second plasma at different places the piezo
motor described in the experimental setup is used. In this scan 50 images
of the second plasma are made at different places. Three of those images
are shown in figure 3.1.
(a) (b) (c)
Figure 3.1: Three images of the second plasma each on different place with re-
spect to the first plasma created 1000 ns after the creation of the first plasma.
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Compared to figure 2.2a these images shows a region where plasma
creation is suppressed. The region beneath that suppressed region has a
higher intensity. Combining all images together in one single image shows
an edge with an elliptical shape as shown in figure 3.2. In this image an
oval dark space is visible. As we will later find out this is the consequence
of a shock wave created by the first plasma.
Figure 3.2: The combined 50 images of the second plasma created 1000 ns after
the creation of the first plasma.
3.2 Plasma suppression at different times
In the previous section the region where the creation of the second plasma
is suppressed was investigated. The next step is to create the second
plasma every time at the same place but now at different times after the
creation of the first plasma.
In figure 3.3 three images of the second plasma are shown each created
at different times after the creation of the first plasma.
From this figures it is easy to see that the second plasma becomes
smaller when time increases. In other words, the region where ionisation
does not occur increases with time. The sharp edge above which plasma
creation is suppressed is descending. This observation strongly indicates
the presence of a shock wave as will be confirmed later in this thesis.
8
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(a) (b) (c)
Figure 3.3: Three images of the second plasma created respectively 500, 1000 and
1500 ns after the creation of the first plasma.
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Chapter4
Shock wave analysis
From the results of the plasma mapping through space and time it is likely
to assume a shock wave suppresses the creation of the second plasma.
Behind a shock wave the density is much lower than in front of the shock
wave.
To find an expression for the radius of the shock wave as a function
of time we use the blast wave theory of Taylor and Sedov [4], [5]. In this
theory the radius of the shock wave caused by an explosion of an atomic
bomb is studied. They found that the radius of the shock wave scales with
time as
r ∼ t2/5. (4.1)
where r is the radius of the shock wave and t is the time after the explosion.
Although our experiment is trivially not comparable to an atomic bomb
explosion still a relative high amount of energy is released in a small time
interval. So we can try to see how far Taylor’s theory can be stretched.
Following Taylor and Sedov, dimensional analysis is used to find an ex-
pression for the radius as a function of time.
4.1 Buckingham pi Theorem
For dimensional analysis the Buckingham pi Theorem [6] is used. This the-
orem assumes that the studied system has p variables x1, x2, ..., xp. Then it
is possible to define a function f with these variables such that
f (x1, x2, ..., xp) = 0. (4.2)
The next step in the Buckingham pi Theorem is to choose the q dimension-
ally independent variables x1, x2, ..., xq present in the system. A dimen-
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sionally independent variable is a variable which dimensions cannot be
written as a combination of the other variables. Then the dimensions of
the remaining p− q variables xq+1, ..., xp could be written as combinations
of the dimensionally independent variables. The theorem introduces the
dimensionless variables pi1,pi2, ...,pip−q that are written as functions of the
variables x1, x2, ..., xp
pii =
xq+i
xai,11 · x
ai,2
2 · ... · x
ai,q
q
. (4.3)
In this equation, ai,1, ai,2, ..., ai,q are rational numbers that has to be chosen
in such a way that the pi-variables become dimensionless. After this trans-
formation from x to pi variables, the function f from equation 4.2 can be
written as
F(pi1,pi2, ...,pip−q) = 0. (4.4)
From this it is possible to write one of the variables as a function of the
other
pi1 = G(pi2, ...,pip−q). (4.5)
This result is used in our further analysis of the shock wave radius.
4.2 Taylor’s blast wave experiment
In Taylor’s blast wave experiment, as well as our plasma experiment, there
are seven physical variables involved. These are the energy (E) released in
the explosion, the radius (r) of the shock wave, the time (t) since detona-
tion, the pressure (p) behind the shock wave, the pressure (p0) in front of
the shock wave, the density (ρ) behind the shock wave and the density (ρ0)
in front of the shock wave. In table 4.1 the dimensions of these variables
are given.
In this case there are three variables dimensionally independent. Which
means that the dimensions of the four other variables can be written as a
combination of the dimensionally independent ones. The choice of the
dimensionally independent variables is not a unique choice. One of the
possible combinations is E, ρ0 and t.
12
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Table 4.1: The dimensions of the involved variables.
Variable Dimensions
E kg ·m · s−2
r m
t s
p kg ·m−1 · s−2
p0 kg ·m−1 · s−2
ρ kg ·m−3
ρ0 kg ·m−3
Following equation 4.3 from the Buckingham pi Theorem, the pi-variables
can now be written as
pi1 = r(
ρ0
Et2
)1/5, (4.6)
pi2 = p0(
t6
E2ρ30
)1/5, (4.7)
pi3 =
ρ
ρ0
, (4.8)
pi4 = p(
t6
E2ρ30
)1/5. (4.9)
Next we change pi4 into
pi2
pi4
, which is allowed since the four pi-variables
remain independent. After this substitution we find
pi4 =
p0
p
. (4.10)
Inspecting pi3 and pi4 tells us they will be approximately equal to zero since
ρ0  ρ and p  p0. These two assumptions can safely be made in the blast
wave experiment of Taylor because the enormous energy released from
the atomic bomb. At smaller explosions, like our experiment, the ratios ρρ0
and p0p might not be as negligible as with an atomic bomb explosion. This
may lead to inaccuracies in the model for our experiment. Calculating pi2
for a helium gas at 1 bar, an energy of 1 Joule and a time of 1 µs, gives
us pi2 ≈ 0, 027. From this calculation we will consider pi2 to be negligibly
small. This discussable approximation is also used by [5].
Substituting zero for pi2, pi3 and pi4 in equation 4.5 leads to
pi1 = G(0, 0, 0) = Const. (4.11)
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Combining equation 4.6 and 4.11 provides us with an expression for r
r ∼ (Et
2
ρ0
)1/5 ∼ t2/5. (4.12)
4.3 Our experiment
During plasma creation a big amount of energy is released in a small
amount of time. Obviously, the amount of energy released in our exper-
iment is much smaller than in the blast wave studied by Taylor and Se-
dov. This makes the use of the theory of Taylor and Sedov less accurate,
but it still might provide confirmation that we are dealing with a shock
wave. The physical variables that influence the shock wave created by the
plasma creation are the same as the variables that influence Taylor’s blast
wave. So the blast wave theory of Taylor and Sedov can be considered as
a reasonable approximation for our experiment.
In our experiment the radius of the shock wave is determined by creat-
ing a plasma with the second laser. This measurement is explained in the
section 3.2 of the previous chapter. Those images show a clear edge above
which plasma creation is suppressed. Since the centre of the first plasma
is known, the radii of the shock waves at the different time delays can be
derived from the plasma images. Figure 4.1 shows the measured radius of
the shock wave together with a fit through its data points as described by
the following relation
r(t) = 5.1t0.52 (4.13)
with r is the radius in meters and t the time in seconds.
From these measurements we can see that albeit some limited range of
data points, they can be fitted with an exponential behaviour. The expo-
nent however, differs considerably from the exponent found in the theory
of Taylor and Sedov (0.52 vs. 0.4).
We think the difference between the theory and the measurements are
due to the amount of energy released in our experiment. This is much less
than the amount of energy released at an atomic bomb explosion. Due to
this difference the assumption that pi3 and pi4 are approximately zero, is
less valid.
14
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5.×10-7 1.×10-6 1.5×10-6 Time (s)
0.001
0.002
0.003
0.004
0.005
Distance (m)
Figure 4.1: The radius of the shock wave plotted against time.
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Chapter5
Density and shock waves
5.1 Plasma intensity at different pressures
Previously, it has been made reasonable to assume a shock wave is created
by a laser induced plasma. This could explain why plasma creation is sup-
pressed in the region surrounded by the shock wave. Understanding how
to interpret the measured plasma intensity, we will analyse the plasma
intensity profile and the dependence of plasma intensity on pressure.
200 400 600 800 1000
Pressure (mbar)
5.0×106
1.0×107
1.5×107
2.0×107
Intensity (a.u.)
Figure 5.1: The plasma intensity plotted against pressure.
In order to find the influence of the pressure on the plasma creation,
the plasma intensity is measured at different pressures inside the plasma
chamber. Since at constant temperature the pressure is proportional to
the density in the helium chamber, this measurement can show at which
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density regime the plasma creation is suppressed.
To find the intensity as a function of pressure, images of plasma are
used. All images are made at an arbitrary but identical time after the
creation of the plasma. The total intensity is taken to be the sum of the
intensity of every pixel. In figure 5.1 the graph of these measurements
is shown. To be able to compare our different measurements in this the-
sis these measurements are taken with identical optical filters and camera
settings.
From these measurements we can see that there is a linear dependence
of plasma intensity on pressure and that below a certain pressure no visi-
ble plasma is observable. With respect to our main question of this thesis
we can say that in this regime plasma creation is completely suppressed.
5.2 Plasma intensity profile
The next step in obtaining information from the plasma images is to look
at the intensity profile by taking intersections of the images. A vertical line
in the middle of the plasma is taken for every image. Here we use images
of the second plasma created at different times after the creation of the first
plasma from section 3.2. The intensity of every pixel is plotted in a graph.
We want to look at the intersections of the plasma images because this
provides us information about the shock wave profile. This is a conse-
quence of the dependence of the plasma intensity on the density. Since a
plasma created in a homogeneous gas does not have a homogeneous in-
tensity due to the intensity profile of the laser beam, a reference image is
needed. With this reference image the relative intensity can be obtained.
100 200 300 400 500
Pixel (a.u.)
2
4
6
8
10
Intensity (a.u.)
(a) (b)
Figure 5.2: A plot through the middle of the second plasma (5.2a) and an image
of the second plasma (5.2b) created 100 ns after the creation of the first plasma.
18
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The intensity plot of the plasma created 100 ns after the creation of the
first plasma is shown in figure 5.2a. The plasma image corresponding to
this plot is shown in figure 5.2b. We will use this image as a reference
image. Ideally we would have used an image with only the second laser,
but when analysing this measurement we found it contained an alignment
error. Using the image shown in figure 5.2b only introduces minor devia-
tions in the very centre of the plasma.
Now it is possible to plot the intensity profile in time by dividing every
plot by the plot of 5.2a. Then every plot has a relative intensity with respect
to the reference plot. In other words, then we can see the influence of the
first plasma on the creation of the second plasma. Three of these plots are
shown in figure 5.3, the plasma images corresponding to these plots are
shown in figure 3.3 in chapter 3.
Viewed from right to left: first there is a peak, then there is a region
where the relative intensity is below one and after that it becomes approx-
imately one. When considering a shock wave the peak could correspond
to the front of the shock wave. In front of the shock wave the density is
higher and that would increase the intensity of the plasma. The region
where the relative intensity is below one could correspond to the inside of
the shock wave where the density is lower than the initial density. The re-
gion where the relative intensity is approximately one corresponds to the
region out of reach of the plasma. Furthermore, it is easy to see that the
peak of the plots shifts to a higher pixel number, that is further away from
the first plasma when time increases. This corresponds to an increasing
radius of the shock wave.
In figure 5.3c the relative intensity is much higher than in the other
two plots. Looking at the reference image teaches us that the plasma from
figure 5.3c is created out of the region where the reference plasma is cre-
ated. Then it is logical that the relative intensity is higher than the earlier
images.
If we zoom into the plot of figure 5.3c we can take a better look at the
shock wave profile, as shown in figure 5.4.
The expected density profile of a shock wave is given in figure 5.5. This
density profile corresponds quite well with the relative intensity graphs.
So from this observation it becomes very likely that the suppression of the
plasma creation is due to a low density region created by the shock wave
of the first plasma.
Version of June 30, 2017– Created June 30, 2017 - 10:31
19
20 Density and shock waves
100 200 300 400 500
Pixel (a.u.)
0.5
1.0
1.5
2.0
Relative intensity (a.u.)
(a)
100 200 300 400 500
Pixel (a.u.)
0.5
1.0
1.5
2.0
Relative intensity (a.u.)
(b)
100 200 300 400 500
Pixel (a.u.)
5
10
15
20
Relative intensity (a.u.)
(c)
Figure 5.3: Three plots of intersections of the second plasma created respectively
500, 1000 and 1500 ns after the creation of the first plasma.
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0 100 200 300 400 500
Pixel (a.u.)
1
2
3
4
5
Relative intensity (a.u.)
Figure 5.4: The zoomed-in version of figure 5.3c.
Figure 5.5: The expected plot of the intersection of a shock wave from [7]. Here
are ρ and R the relative density respectively the relative radius of the shock wave.
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Chapter6
Shock wave imaging
The following step in this project is to proof the presence of a shock wave
by measuring the local density in the plasma chamber. Unfortunately, this
is very hard to do. But it is possible to image the density differences. This
can be done using Schlieren imaging.
6.1 Schlieren imaging
Schlieren imaging [8] is an imaging technique based on local density vari-
ations. The basic idea is that the refractive index depends on the density
of the material it goes through. So density variations lead to differences in
refraction. These refraction differences can be measured. In figure 6.1 an
overview of the schlieren setup is shown.
Figure 6.1: The Schlieren setup schematically shown. The focal distances of the
two lenses in our experiment are respectively 400 mm and 300 mm.
An incoming collimated helium-neon laser beam, the probe beam, is
sent through the plasma. The plasma is imaged on the camera with two
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lenses in a 4f-system. In a 4f-system the object is placed in the focal point
of the first lens, the second lens is placed in the focal point of the first lens
and the image is formed in the focal point of the second lens.
Whenever the plasma refracts the probe beam sent through it, it will
still be imaged on the camera on the same position as if it would not be
refracted. To filter the light rays that are refracted downwards, a knife
edge is placed just beneath the focal point between the two lenses. The
light rays refracted downwards will then be blocked by the knife edge
and they will not be imaged on the camera. The image on the camera then
shows the density differences in the plasma as a varying intensity.
To illustrate Schlieren imaging an image of a helium gas flow is shown
in figure 6.2 clearly showing the helium gas flow due to the difference in
density of helium and air.
Figure 6.2: A Schlieren image of helium gas flowing into air out of a gas pipe.
6.2 Imaging shock waves with Schlieren
The Schlieren imaging technique is used to make multiple images at dif-
ferent times after the creation of a plasma. This technique should make
the shock wave visible. A helium-neon laser is used as probe beam for
Schlieren imaging.
At each time after plasma creation two images are made. One image
with the probe beam and one without the probe beam. The image with
the probe beam contains the schlieren image and the plasma image. The
24
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image without the probe beam is only an image of the plasma. Because the
plasma intensity is still higher than the probe beam intensity, even with a
narrowband helium-neon line filter, we subtract the image without probe
beam from the one with probe beam to remove the plasma light from the
images. Now we are left with the Schlieren image we want. In figure 6.3
four Schlieren images are shown.
(a) (b)
(c) (d)
Figure 6.3: Four Schlieren images at respectively 200, 300, 400 and 500 ns after
plasma creation.
The Schlieren image at 200 ns after plasma creation shows that the
shock wave is actually a composition of two shock waves. In this stage
the shock wave has a peanut shape with two intense and spatially sepa-
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rated lobes. However, this peanut shape becomes more circular at larger
time scales as shown in the Schlieren image at 500 ns after plasma creation.
The size of the shock waves gives also important information. The
radius of the shock waves should be increasing in time as shown before in
the plasma images. It is easy to see this is what is really happening.
The next step should be investigating whether the shock wave corre-
sponds with the edge of the second plasma above which ionisation is sup-
pressed.
6.3 Plasma suppression and shock waves
The plasma images and the Schlieren images can be combined to illustrate
whether the edge of the plasma corresponds to the location of the shock
wave. This is shown in figure 6.4 where the plasma images, the Schlieren
images and the combined images are shown together.
As shown in the images of the third row of the figure on the next page,
the edges of the shock waves and the plasma do correspond to each other
exactly. From this we can conclude that the plasma suppression is a con-
sequence of a shock wave.
26
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(a) (b) (c)
(d) (e) (f)
(g) (h) (i)
Figure 6.4: First row (a-c): Schlieren images; second row (d-f): plasma images;
third row (g-i): combined images. The first, second and third column are imaged
at respectively 100, 200 and 300 ns after plasma creation.
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Chapter7
Conclusion
The goal of this experiment was to find out why reionisation of a plasma
ring is not possible. After studying the plasma images, a shock wave was
identified as a possible cause. Inside a shock wave, the density is lower
than outside of the shock wave. It is known that below a certain density
no ionisation occurs. Our plasma images show there is a clear edge above
which ionisation does not occur anymore. Since this edges coincide with
the shock wave present, we can conclude that a shock wave causes the
plasma suppression. So the reionisation of a plasma ring is not possible
due to a low density created by a shock wave that is caused by the first
plasma.
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